The blood-brain barrier is a dynamic and highly organized structure that strictly regulates the molecules allowed to cross the brain vasculature into the central nervous system. The blood-brain barrier pathology has been associated with a number of central nervous system diseases, including vascular malformations, stroke/vascular dementia, Alzheimer's disease, multiple sclerosis, and various neurological tumors including glioblastoma multiforme. There is a compelling need for representative models of this critical interface. Current research relies heavily on animal models (mostly mice) or on two-dimensional (2D) in vitro models, neither of which fully capture the complexities of the human blood-brain barrier. Physiological differences between humans and mice make translation to the clinic problematic, while monolayer cultures cannot capture the inherently three-dimensional (3D) nature of the blood-brain barrier, which includes close association of the abluminal side of the endothelium with astrocyte foot-processes and pericytes. Here we discuss the central nervous system diseases associated with blood-brain barrier pathology, recent advances in the development of novel 3D blood-brain barrier -on-a-chip systems that better mimic the physiological complexity and structure of human blood-brain barrier, and provide an outlook on how these blood-brain barrier-on-a-chip systems can be used for central nervous system disease modeling.
Impact statement
The field of microphysiological systems is rapidly evolving as new technologies are introduced and our understanding of organ physiology develops. In this review, we focus on Blood-Brain Barrier (BBB) models, with a particular emphasis on how they relate to neurological disorders such as Alzheimer's disease, multiple sclerosis, stroke, cancer, and vascular malformations. We emphasize the importance of capturing the three-dimensional nature of the brain and the unique architecture of the BBB -something that until recently had not been well modeled by in vitro systems. Our hope is that this review will provide a launch pad for new ideas and methodologies that can provide us with truly physiological BBB models capable of yielding new insights into the function of this critical interface.
Introduction
The blood-brain barrier (BBB) is a dynamic and highly organized structure that strictly regulates the passage of molecules from the brain vasculature into the central nervous system (CNS) and thereby functions as a critical defense system that protects the brain from toxins and infection. The barrier results from a combination of extensive tight and adherens junctions between cerebral endothelial cells (CECs), which dramatically reduce the rate of transcytosis relative to vessels outside of the CNS. Additionally, both pericytes (PCs) and astrocytes, located on the abluminal side of the endothelium, provide critical support for this barrier. Dysfunction of the BBB is associated with a number of CNS diseases, including vascular malformations, stroke/vascular dementia, Alzheimer's disease, multiple sclerosis, and various neurological tumors including glioblastoma multiforme, and thus understanding this critical interface will be crucial in combating these pathologies. While current research relies heavily on rodent models and two-dimensional (2D) in vitro systems, neither can fully recapitulate the complexities of the human BBB. The three-dimensional (3D) nature of microvasculature and its association with PCs and astrocytes precludes the use of 2D model systems, and physiological differences between humans and mice, such as species differences in the P-glycoprotein (P-gp) transport of drug molecules across the BBB, make translation of mouse studies to the clinic problematic. 1 In this review, we discuss CNS diseases associated with BBB pathology, recent advances in the development of novel 3D BBB-on-a-chip systems that better mimic the physiological complexity and structure of human BBB, and provide an outlook on how these BBB-on-a-chip systems can be used for CNS disease modeling.
Structure and function of the BBB
The BBB is a complex, dynamic, and highly organized structure consisting of four specialized components that together form the neurovascular unit (NVU). These components include: (1) specialized CECs that form the microvascular network; (2) a basal lamina that supports the abluminal surface of the endothelium; (3) PCs that wrap around these vessels; and (4) astrocyte end feet that extend to the CECs (Figure 1(a) ). 2 The anatomical structure and functions of this neurovascular unit have been reviewed extensively elsewhere 3 ; therefore, for the purpose of this review, we only highlight the key BBB features that are relevant for the specific pathologies we discuss below.
Of the BBB components, the endothelium is the primary gatekeeper for ion exchange, transportation of neurotransmitters, essential water-soluble nutrients and metabolites, and the efflux of neurotoxins. This regulatory function relies on a combination of specific ion channels and active transporters expressed on the endothelial surface. 3, 4 At the cellular level, CECs express several proteins that contribute to adherens junctions (AJ) and tight junctions (TJ) at the interface between neighboring CECs (Figure 1(b) ). These junctions function to significantly reduce paracellular diffusion of macromolecules from the blood plasma to the brain parenchymal region. AJs, consisting of cadherins that are associated with cytoplasmic scaffolding proteins such as alpha, beta, and gamma catenin, function to hold neighboring cells together while also providing structural support. 5 TJs on the other hand consist of occludin and claudin family proteins that are linked to numerous cytoplasmic scaffolding proteins, including ZO-1, ZO-2, and ZO-3, and act to tighten the contact surface between neighboring cells. 6 While occludin is considered a major component of TJs, particularly those found on CECs, evidence has shown that a functional BBB can still form in occludin-deficient mice. 7 This suggests that other proteins enriched in BBB TJs, such as marveld2, cingulin-like-1, and pard3, perform redundantly to maintain BBB barrier function even in the absence of occluding. 8 While some lipid-soluble molecules are able to cross the BBB by passive diffusion, non-lipid-soluble molecules require active transport by transporter proteins on both the luminal and abluminal surfaces of the endothelium. These transporters are classified into two main families: soluble carriers (SLC), which transport a variety of organic molecules and inorganic ions according to their affinities with a specific transporter, and ATP-binding cassette (ABC) transporters, which actively transport a variety of substrates such as biosynthetic precursors, vitamins, and metabolites using an ATP-dependent process (Figure 1(b) ). 3 The specificity of these transporter families has important implications for both BBB pathology and the development of pharmacologic agents capable of crossing the BBB. For example, the SLC transporter GLUT1 normally functions as the primary BBB glucose transporter, yet mutations in this transporter are known to contribute to pathophysiological disorders such as Alzheimer's disease (AD), epilepsy, ischemia, and traumatic brain injury. 9 On the other hand, ABC transporters such as ABCB1 (P-gp), ABCG2 (BCRP), and the ABCC subfamily (ABCC1, ABCC2, and ABCC4), which normally serve as efflux pumps to remove toxins from the brain, pose challenges to drug delivery to the CNS. Many useful, lipid-soluble drugs that theoretically can cross the BBB according to their partition coefficient are unintentional substrates for these efflux transporters, thus preventing their accumulation in brain tissue. 10 In addition to the SLC and ABC transporters, molecules can be transported across the BBB through endothelial transcytosis. A unique feature of CECs compared to other types of endothelial cells (EC) in the body is that they have a one to two log lower level of transcytosis, 11 thus further increasing the selectivity of the BBB. 12 Endothelial transcytosis can be receptor-mediated for ligands such as Figure 1 The human blood-brain barrier (BBB). (a) The human NVU consists of CECs forming the blood vessel, the basal lamina, pericyte, and astrocyte end foot. (b) Tight junctions, adherens junctions, SLC transporters, and ABC transporters of CECs transferrin and insulin, or caveolae-mediated for low-density proteins (LDL), all of which are important for CNS activities. 13 The basal lamina surrounding the abluminal side of CECs consists of proteoglycans and basement membrane proteins such as fibronectin, laminin, and collagen IV, all of which contribute to selective filtering of microparticles. 14, 15 Disruption of the basal lamina, and subsequent BBB disruption, is implicated in several pathological conditions, such as Alzheimer's disease (AD), multiple sclerosis (MS) and stroke, and is a major step in facilitating tissue inflammation. 16 Sharing the basal lamina with the CECs are the PCs. These cells wrap around the microvessels and play various roles at the BBB. They have been shown to regulate both BBB-specific gene expression patterns in EC, and endothelial transcytosis, and also induce polarization of astrocyte end-feet surrounding the CNS blood vessels. 17 Astrocytes are involved in various processes in the brain, such as regulating ion and water concentration, facilitating neurotransmitter clearance, and matching oxygen and glucose transportation to neuronal activity. 18 Although the role of astrocytes in regulating the BBB is still not fully understood, several in vitro studies have shown that they can induce barrier properties in cerebral and other types of EC. 19 In addition, recent findings have shown that astrocytes release nitric oxide, arachidonic acid, and prostaglandins, all of which can regulate vessel diameter to control blood flow. 20 Together, CECs, the basal lamina, PCs, and astrocytes cooperate to form a selectively permeable barrier that actively regulates the type and quantity of molecules that traffic from the blood into the CNS. While each component is critical to normal BBB function, defects in individual components can lead to BBB dysfunction, enhanced permeability, and subsequent CNS disease.
The role of BBB dysfunction in CNS diseases

Vascular malformations
Disruption in the normal flow of blood to the brain, either by malfunctioning capillaries or hemorrhaging vessels, can have devastating effects, including mental deficits, epileptic fits, headaches, balance deficits, and psychiatric disorders. 21 There are a number of vascular malformations that can cause such disruptions, including cerebral cavernous malformations (CCMs) 22 and arteriovenous malformations (AVMs). CCMs form as the result of mutations in the CCM1, 2 or 3 genes, and are composed of tight clusters of small, thin-walled capillaries that often support only minimal blood flow, and in the case of CCM2, have a disrupted BBB. 23 AVMs are lesions in which blood flows directly from arteries/arterioles to veins/venules, thereby bypassing downstream capillary beds. While these lesions can occur in other tissues, AVMs in the brain cause particularly severe symptoms, likely as a result of the reduced oxygen that results from the lack of a capillary bed between the oxygenated arterial blood and the venous return. AVMs are often congenital and are a major component of several hereditary disorders, including hereditary hemorrhagic telangiectasia (HHT, also known as Osler-Weber-Rendu disease), Wyburn-Mason syndrome, and Sturge-Weber syndrome. 24 While mutations in several genes have been identified to cause these diseases, specific pathological mechanisms are still unknown. In HHT, for example, which is an autosomal dominant disease, mutations of endoglin (ENG) or Alk1 (ACVRL1) are responsible for the majority of cases, but the location of developing lesions remains unpredictable. [25] [26] [27] Several contributing factors may determine where these lesions form, including: local trauma, such as a wound, that triggers angiogenesis, 26, 28 alterations of blood flow, 29 or altered mural cell recruitment and deficient interactions with the endothelium. 30 This final hypothesis is of particular interest in the context of the BBB, as disruption of pericyte function may also lead to breakdown of the BBB. Accurately evaluating the role of BBB dysfunction in AVM formation will require a platform that faithfully recreates the intricate structure of brain microvasculature and surrounding BBB components. Such a platform must recapitulate the endogenous branching of native vasculature as this is an essential component of AVM lesions. BBB-on-a-chip technologies that allow for physiologic vascular network formation will provide a novel approach for studying the pathogenesis of cerebral vascular malformations.
Alzheimer's disease
Growing evidence suggests that BBB dysfunction is a major contributor in disorders of cognitive decline in the CNS. In one such disorder, Alzheimer's disease (AD), a major driver of pathology, is the accumulation of amyloid-b (Ab) peptide in the form of amyloid plaques in the brain. 31 Transportation of Ab across the BBB plays a crucial role in determining peptide concentration in the CNS, and its pathological consequence in AD. 32 In individuals affected by AD, BBB dysfunction has been correlated with pathological progression, as measured by decreased tight junction protein expression, thickening basal lamina, and increased vascular permeability. 33 With the failure of several large drug trials designed to lower the Ab load in the brain of AD patients, efforts have focused on developing therapies around other AD-associated defects, such as vascular dysfunction. In recent years, a ''two-hit'' vascular hypothesis has been proposed, in which a pre-existing, non-AD related disease causes vascular dysfunction and subsequently accelerates the development of AD. 34 Metabolic disorders such as type 2 diabetes (T2D) and the related hyperglycemic condition are linked to vascular abnormality and hyperpermeability. 35 T2D is now considered an additional risk factor for AD progression in addition to aging. 36 Longitudinal studies have shown that T2D patients have an increased risk of Alzheimer's disease by 50-100%. 37 Thus, it is hypothesized that T2D is the first hit that causes vascular malfunctions, leading to an imbalance in amyloid transportation across the BBB and an acceleration of AD development. A BBB-on-a-chip model would be an ideal platform for investigating BBB transport of Ab and the potential role of hyperglycemia in driving disease progression. 
Stroke & vascular dementia
Microvessel BBB dysfunction is also considered a contributing factor in ischemic stroke and non-Alzheimer's cognitive decline (vascular dementia). Nevertheless, how BBB dysfunction leads to the onset of these diseases has yet to be fully elucidated. While ischemic stroke is most commonly attributed to decreased blood flow due to vessel blockage in the brain, recent theories suggest that BBB permeability and microbleeds in the brain may significantly contribute to disease pathology. 38 Magnetic resonance imaging (MRI) of individuals who have suffered lacunar stroke (25% of all ischemic stroke individuals) reveals accumulation of the contrast agent gadolinium in brain white matter, indicating BBB permeability at these sites. 39 A detailed evaluation across 31 clinical studies indicates that BBB permeability increases not only with age, but is also higher in individuals with dementia. 40 BBB permeability appears especially important in vascular dementia, as these individuals have higher vascular leak compared to individuals with AD. While these studies demonstrate a strong correlation between BBB damage and disease onset, they cannot determine whether BBB dysfunction is a primary cause or a consequence of stroke and vascular dementia. This question has been partially addressed using a spontaneous hypertensive stroke-prone rat (SHRSP) model where sequential MRIs have revealed that BBB permeability precedes immune infiltration at specific foci in the brain. 41 While the SHRSP rat model recapitulates human small vessel pathology quite well, there is still a critical need in the stroke field to develop better tools to model changes in microvasculature relevant to stroke pathology. BBB-on-a-chip models offer tremendous potential for recreating microvasculature in the laboratory that will allow controlled study of the mechanics of BBB permeability and immune infiltration as they relate to the process of stroke.
Multiple sclerosis
In healthy individuals, oligodendrocytes generate a myelin sheath that insulates CNS neuronal axons and facilitates signal propagation to neighboring neurons. However, in the neuroinflammatory disease multiple sclerosis (MS), these myelin sheaths are degraded by activated immune cells, leading to damage and death of the underlying neurons. While the exact mechanisms of MS remain unclear, one leading hypothesis suggests that CEC dysfunction and breakdown of the BBB are critical steps to the pathogenesis of this disease. Indeed, inflammation and blood vessel damage are evident at both active and chronic MS lesion sites in brain white matter when compared to healthy individuals. 42, 43 More specifically, recent evidence suggests that localized BBB breakdown is the result of several processes, including: (1) increased inflammation and activation of CECs; (2) decreased expression of CEC junction proteins; and (3) increased adhesion and extravasation of T cells. Elevated levels of the proinflammatory cytokines interferon-g and TNF-a have been observed in individuals with MS and are thought to function in activating CECs. 44 Subsequent in vitro studies demonstrated that the presence of these cytokines, or whole serum from MS patients, can trigger breakdown of the BBB by downregulating the key junctional proteins occludin, VE-cadherin, and ZO-1. 42, 45 The loss of these junction proteins compromises the integrity of the BBB and allows T cells to cross the endothelium. Despite evidence supporting this model of MS pathogenesis, controversy remains regarding the role of proinflammatory cytokines 46, 47 and the requirement of selectins for T cell extravasation. 48, 49 Significant clarity on MS pathogenesis is likely to be gained through human-specific, tissue-on-a-chip platforms that more accurately model MS when compared to existing experimental autoimmune encephalomyelitis (EAE) mouse models, which are the current standard for MS studies. 50 
Glioblastoma
Glioblastoma multiforme (GBM) is a high-grade brain tumor arising from astrocytes. The high growth rate and relative insensitivity of these tumors to pharmacologic agents contribute to an especially poor prognosis for individuals with GBM. 51 The inability of these agents to significantly affect GBM growth is largely due to their limited transport across the BBB. Paradoxically, highgrade GBM are characterized by major alterations to normal vascular function, including down-regulation of key TJ proteins and increased BBB permeability. [51] [52] [53] Nevertheless, local disruption within the tumor vasculature is not sufficient to allow drug penetration in relevant quantities to effectively target GBM growth. 54 Moreover, cell migration may be increased across a newly permeable BBB, thereby facilitating the development of brain metastases. 55 The mechanisms underlying the inability of pharmacologic agents to cross the BBB have yet to be fully elucidated, but one possibility is altered expression of junction proteins. Recent work shows that the CEC receptor molecule Roundabout 4 (Robo4) is upregulated in an in vitro BBB model of GBM, resulting in a less permeable BBB. 56 In this same model, genetic deletion of Robo4 increased BBB permeability by down-regulation of the key TJ proteins ZO-1, occludin-1 and claudin-5. These results suggest that despite overall increased BBB permeability in GBM, Robo4 may maintain relative impermeability of the BBB against anti-tumor therapeutic agents. 57 Additionally, the affinity of some anti-tumor drugs for the ABC efflux transporter proteins likely prevents their accumulation in GBM tumors. 57 The importance of tumor vasculature in providing nutrients to growing tumor cells has spurred efforts to develop anti-angiogenic therapies targeting GBM. 58 However, new data suggest that these therapies may not prolong overall patient survival when added to the standard of care. 59 Indeed, an anti-angiogenic regimen may impair the efficacy of chemotherapy in the GBM by compromising intratumoral delivery of these agents. 60 Although existing organ-on-a-chip platforms have sought to combine vasculature and GBM tumor components, 61 these platforms will be further enhanced by the addition of a functioning BBB.
The current state of BBB organ-on-a-chip models Currently, in vivo models (most frequently, mice) are considered the standard for studies on the BBB and related CNS diseases. 62 These models are especially conducive to multilevel evaluation of complex tissues while allowing for pharmacodynamic and pharmacokinetic evaluation of potential pharmacologic agents. While these models have contributed significantly to new discoveries of BBB mechanics, their utility is inherently limited by physiological differences between humans and rodents, which often impede reliable translation to the clinic.
Microphysiological systems (MPS) combine the advantages of in vivo and in vitro models of tissue and organs by using microfluidics technology to incorporate dynamic fluid flow within a 3D environment that better mimics native tissues. 63, 64 One unique feature of these organson-a-chip that extends far beyond 2D and animal models is the capability to recapitulate patient-specific pathology. 64 While animal models provide a platform for studying complex diseases beyond 2D systems, these same models fail to capture human inter-individual genetic differences that may contribute to disease. Therefore, future studies will require the use of advanced MPS approaches to better evaluate patient-specific disease etiologies, with the ultimate goal being the development of truly personalized therapies. To this end, several BBB-on-a-chip models have been developed within the past five years (Table 1) . [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] Overall, these BBB organ-on-a-chip models better recapitulate the physical structure and physiological complexity of the human BBB by incorporating a 3D environment and in some cases exposing the endothelium to physiological fluid flow. In particular, fluid flow and shear stress are critical contributors to EC structure and function related to vascular network formation. 75 The barrier function of these models is broadly improved over traditional 2D Transwell assays, as assessed by dextran diffusion across the endothelium. While the utility of these models has been examined elsewhere, 63, 76 there are several challenges with these systems that must be considered in the development of future platforms and for the adoption of organon-a-chip systems for BBB disease modeling.
First, the geometry and dimensions of the blood vessel compartment within these systems do not truly represent cerebral blood vessels in vivo. The blood vessel compartment in all but two models (Herland et al. and Kim et al.) has a square or rectangular cross section, in contrast to the circular cross section found in living blood vessels. Additionally, the dimensions of these vessels vary in diameter, from 100 mm up to millimeter sizes. For comparison, in the human brain, cerebral capillaries are 7-10 mm in diameter, 77 while arterioles and venules are 50-100 mm in diameter. 78 This difference in geometry is important as it can alter the distribution of shear stress on the endothelial surface. While shear stress positively influences BBB functions, square or rectangular cross-section channels do not have uniform shear stress distribution compared to circular cross-section channels under steady laminar flow. This shear stress is particularly important in regulating two transcription factors Krueppel-like factor (KLF)2 and KLF4 that suppress endothelial responses to inflammatory stimuli such as TNF-a to maintain a quiescent phenotype. 79 A non-uniform shear stress distribution could potentially affect how EC respond to inflammatory signals inside the channel.
Second, the models listed in Table 1 all consist of a single channel and more appropriately represent a single blood vessel rather than a network of interacting vasculature. As such, the BBB-on-a-chip models have been unable to recapitulate the hierarchical branching of in vivo vasculature, which is a defining feature of microvascular networks. Further, branch points are often the foci where many defects originate, as these regions are exposed to the most turbulent flow. Thus, it is clear that while a single channel approach may prove useful in understanding basic blood vessel biology, these models cannot adequately reproduce and interrogate disease phenotypes inherent to more complex, hierarchical vascular networks.
Third, the anatomical structure of the human NVU is not truly represented in these models. The physical contacts and interactions between CECs, the basal lamina, PC, and astrocytes require a 3D environment and the absence of an intervening membrane such as that present in Transwells. Of all the models listed in Table 1 , the closest to the anatomical structure of a human NVU in vivo is reported by Herland et al. However, even in this model, which does have direct contact between CEC and astrocytes unimpeded by an artificial membrane, all four components of the human NVU were not present together, there was no capillary network (see above), and the single vessel was considerably wider than normal brain capillaries.
Lastly, the most recent platforms demonstrate a trend away from rodent CECs towards more ambitious approaches that employ human CECs. While it remains a challenge to obtain human CECs and maintain their specific phenotypes in vitro, it is crucial to utilize human cell sources when possible. Transcriptional profiling of human CECs versus mouse CECs reveals differences in immune response genes, tight junction proteins, transporters, and cell surface receptors, all of which are important features of the BBB. 80 It is also notable that commercially available, immortalized human brain CEC lines perform inconsistently in these modeling systems and there are no specific lines which appear optimal for in vitro modeling. 81 In terms of a co-culture system, it has been demonstrated that the presence of PC and/or astrocytes enhances EC barrier functions in vitro, 82 and so it will be essential to incorporate these cells into BBB-on-a-chip models. Indeed, the majority of models discussed in this review incorporate PC and/or astrocytes in co-culture. However, not all models utilize a human cell source, nor do they capture the 3D structure of the neurovascular unit. Despite the anatomical deficiencies in many of these models, some useful outputs can be obtained. For example, transport characteristics of the barrier can be assessed quite easily with the use of fluorescent or radioactive tracers, although in most of these systems only bloodto-brain transport is readily measurable. Inflammatory responses of the endothelium can also be assessed, along with leukocyte adhesion, although as discussed above, the flow characteristics may be disrupted to the point where the endothelium is more sensitive to inflammatory stimuli than would be the case in vivo. Finally, in only a limited number of these models can the interactions between the EC and the pericytes and astrocytes be investigated, as in many cases an artificial membrane separates the cell types. There is clearly much still to be done in creating fully representational BBB models in vitro.
Outlook
While efforts to develop more complex, sophisticated in vitro BBB-on-a-chip platforms have advanced significantly in recent years, challenges remain in utilizing these models to study CNS diseases. As discussed above, animal cells are still widely used in BBB-on-a-chip platforms due to the limited availability of human tissues. While these models are useful for comparison to in vivo studies, there must also exist a 'gold standard' to benchmark for clinical translation. 83, 84 Although challenges remain in differentiation protocols, recent advances in deriving brain endothelium from human induced pluripotent stem cells (iPSCs) 83, 85 adds another to the list of brain cell types that can be used to create clinically relevant models for CNS disease. Particularly for complex CNS syndromes, it is crucial to investigate whether the pathology involves cell types other than those primarily thought to be involved, and these could include CEC. As previously discussed, perturbation of vascular integrity in the BBB has been implicated in diverse neurological disorders. To understand the role of the BBB in neurological diseases, it will be essential to develop a fully functional in vitro model that integrates multiple human cell types within a perfused vascular network and appropriate ECM. This prototypical BBB-on-a-chip will allow real-time study of events leading to neurovascular compromise, such as aberrant angiogenesis -often in the presence of a tumor, deregulated transport across the BBB, inflammation, and arterial dysfunction. It should also allow for meaningful screening of CNStargeting drugs that must penetrate the BBB to enable effectiveness. 84 BBB-on-a-chip platforms that can incorporate patient-derived iPSC to model specific diseases, or patient-derived tumor tissue to model brain cancer, have the potential to lower many barriers to drug discovery. Furthermore, BBB-on-a-chip platforms generated from iPSCs (or cancer cells) that are isolated from unique populations of patients can be studied to reveal patient-specific, gene-drug interactions based on differential treatment response. These adaptations may facilitate drug discovery targeted to specific genetic subgroups and inform patient stratification in clinical trial design.
In addition to cell sourcing, incorporation of other key components of the BBB such as PC, astrocytes, and a brainlike ECM environment should be considered for future in vitro model development. These components are often neglected, yet they are potentially as important as the EC in driving CNS pathological conditions in vivo. As such it will be critical to incorporate them into BBB-on-a-chip models.
Aside from platform development, new standardized criteria for quantitative evaluation of BBB functions are required.
Traditionally, Transendothelial Electrical Resistance (TEER) and vascular permeability of molecules with different molecular weights have been used to assess the barrier properties in 2D Transwell assays. However, in new BBB-on-a-chip models, this may no longer prove to be a viable metric. As shown in Table 1 , the majority of these models do not assess TEER due to challenges in probing electrical resistance inside complex microfluidic configurations. Other factors, such as the presence of co-cultured cells and ECM, the materials used for device fabrication, and ionic composition in cell culture medium could affect TEER measurements, hindering comparison between different BBBs-on-a-chip. Thus for future model development, TEER should not be considered as a major benchmark for barrier functions. Vascular permeability, on the other hand, is more useful and relevant to evaluate vascular integrity relevant to BBB function. In general, if the permeability of reference molecules measured in the BBB-on-a-chip model is close to physiological levels, the model can be considered to mimic the BBB in vivo, at least for transport studies. Fluorescently tagged 70 kDa dextran is routinely used as a reference to determine vascular permeability, partially due to its close molecular weight to albumin (MW ¼ 68 kDa), a major protein present in the bloodstream. Under physiologic conditions, little to no albumin can cross the BBB in vivo, thus vascular permeability of 70 kDa dextran in BBB-on-a-chip models should be minimal, and can be considered a benchmark to evaluate BBB properties within the platform. Nevertheless, several factors need to be considered when comparing vascular permeability in these models relative to in vivo results. For instance, the dextran concentration, the flow rate, and the pressure difference between compartments (or inside and outside of the vascular channel) could affect permeability measurements. While there is no perfect in vitro model that can reflect all aspects of the BBB in vivo, it is critical to understand the limitations and caveats of each modeling platform. Thus, standardization for measuring vascular permeability is required, and the permeability coefficient should be reported with specific parameters related to that measurement such as flow rate, dextran concentrations, and exposure duration.
Over the past five years, we have significantly improved the methodology to generate perfused human microvascular networks in our organ-on-a-chip system. 86, 87 In addition, we have demonstrated that this system can be adapted to model the tumor microenvironment in vitro for therapeutic screening. 88 These results are important milestones in our platform development effort, providing an opportunity to adapt the system for different organ-specific applications. With a vision to create an in vitro BBB model to study CNS diseases, we have been developing a BBB-on-a-chip that incorporates perfused human blood vessels, a brain-like ECM environment, PC and astrocytes. As a proof-of-concept, we have cultured human endothelial colony forming cell-endothelial cells (ECFC-EC), PC enriched from human stroma, and astrocytes derived from human neural stem cells in an ECM consisting of several basement membrane and interstitial structural proteins (Figure 2 ). We observed multicellular interactions between PC, astrocytes and the microvasculature. Furthermore, we found that the presence of astrocytes increases expression of several key adherens and tight junction genes, such as VE-Cadherin and Claudin-5. We are currently exploring the use of iPSC-derived EC, along with strategies to induce a brain-type phenotype, with the goal of enhancing barrier functions in our system. Current limitations of the system include: problems sourcing low passage human brain EC, which likely will prove essential for generating the correct pericyte-EC and astrocyte-EC interactions; maintaining the correct extracellular environment, which will likely need to be bathed in a CSF-like medium; and modeling the BBB in different parts of the brain, as there is a growing awareness that astrocytes differ in different regions and the BBB may have differential selectivity in some (possibly congruent) regions. In summary, by combining the permeability assays, non-invasive optical imaging of metabolism, 89 and incorporation of multiple cell types (including glioma cells), we believe this system will provide unprecedented insights into the functions of the BBB in health and disease.
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